Inland navigation networks are large-scale systems that can be described by using the nonlinear Saint-Venant partial differential equations. However, as there is no analytical solution for them, simplified models are used instead for modeling purposes. This work addresses the modeling of two sub-reach systems by means of the well-known Integrator Delay Zero model. Two main scenarios are considered: in the first one, the two partial models are independently computed one from each other; the second one uses previous knowledge of the whole two sub-reach system in order to ensure the flow consistency along the system. The application of these two methodologies to a part of the navigation network in the north of France serves as the case study for this work.
INTRODUCTION
Inland navigation networks cover more than 38000 km in Europe and are used principally for transport. The navigation transport takes part in the Trans-European network program (TEN-T 1 ), which promotes the development of transport infrastructure policies to close the gaps between Member States' transport networks and to guarantee seamless transport chains for passengers and freight. In France, an intensification in the use of inland waterways is expected in the near future. The gauge of the allowed boats and the navigation schedule will be risen up. Hence, constraints on the inland waterway management will be more severe.
The accommodation of navigation requires the control of the water levels in each part of the navigation network, which is composed of several interconnected reaches that represent portions of a water stream between at least two hydraulic structures such as locks. These reaches are large-scale, free-surface systems that exhibit large delays between the generation of an upstream input and its measurement along the water course and at the downstream end of the reach. Some perturbations can travel back and forth, resulting in resonance phenomena. The dynamics of the reach can be accurately described by the SaintVenant's partial differential equations (Chow, 1959) . However, as there is no known analytical solution for these equations, simplified models such as transfer functions (Litrico and Georges, 1999) or the Integrator Delay (ID) model (Schuurmans et al., 1999) are used instead. These models are designed by considering some assumptions on the linearity of the reach dynamics. The ID model was improved by considering an additional zero that allows taking into account high frequency phenomena. The obtained Integrator Delay Zero model (IDZ) was tested and compared with the ID model on several canals (Litrico and Fromion, 2004) . More recently, an Integrator Resonance model (IR) has been proposed (van Overloop et al., 2010) , (Horváth et al., 2014b) and (van Overloop et al., 2014) to reproduce the resonance phenomena. Graybox models can be used when lacking prior knowledge of the physical characteristics of canals, such as dimensions or the Manning-Strickler coefficient (Duviella et al., 2013) and (Horváth et al., 2014a) . Finally, approaches based on linear parameter-varying models or multi-models that enable to take into account the nonlinearities due to the consideration of large operating ranges were proposed (Duviella et al., 2007) , (Duviella et al., 2010) , (Bolea et al., 2014) and (Bolea and Puig, 2016) .
Many man-made, hydraulic structures such as gates can be located along the navigation reaches, as well as secondary inputs. Therefore, they cannot be considered as a single reach with only two controlled points, the upstream and the downstream ends. This particularity demands a decomposition of the reaches in several sub-reaches according to the hydraulic structures and secondary inputs that affect the water stream. The models that represent the influence of the discharges on the water levels for each sub-reach have to be computed. The next step is to interconnect these partial models to reproduce the behavior of the whole canal. In this work, this modeling step is based on IDZ models. However, this modeling procedure might cause the flow profiles for each of these partial models to be not consistent with the flow profiles of the adjacent sub-reaches. This means that the interconnected model will most probably not reproduce adequately the real dynamics of the whole reach. This work aims to develop a modeling approach in which the prior knowledge of the whole system dynamics are taken into account when each of these sub-reaches is modeled.
The content of this paper is structured as follows: Section 2 is dedicated to the description of the IDZ model. Section 3 addresses the modeling step of two sub-reach systems introducing some considerations as well as the interconnection method. In Section 4, the proposed approach is used by considering a real navigation reach located in the north of France, the Cuinchy-Fontinettes reach. The comparison of the interconnection approaches with and without prior knowledge of the whole system with a reference model is performed. This reference model is provided by an hydraulic simulation software that solves numerically the Saint-Venant equations. Finally, conclusions about the performed work are drawn in Section 5.
SELECTING A MODEL TO DESCRIBE A REACH
As already mentioned, the Saint-Venant differential equations accurately describe the real dynamics of the system. However, since no analytical solution is known for these equations, as well as being extremely sensitive to errors in the geometry and other unmodeled dynamics, simplified models are needed. Among all the existing possibilities, the IDZ model (Litrico and Fromion, 2004 ) is used in this paper. It results from the linearization of the Saint-Venant's differential equations around an operating point q op , and constitutes a simple yet efficient option to accurately describe a canal in high and low regimes.
The IDZ model, as its name implies, consists of an integrator, a delay and a zero: the two first terms capture the low frequencies tank-like behavior, whereas the zero accounts for the high frequencies. In Laplace form, its structure is as follows:
where α i j represents the inverse of the zero, A i j the integrator gain and τ i j the propagation time delay. The exact values of these parameters cannot be computed, but an accurate approximation can be used instead (Litrico and Fromion, 2004) . Since the used parameters are an approximation of the theoretical ones, the notationp i j (s) replaces p i j (s) hereinafter. The integrator gain illustrates how the volume changes according to the variation of the water level. This parameter is also known as the equivalent backwater area due to its dimensions. The time delay represents the minimum required time for a perturbation to travel from its origin to the measurement points. The zero approximates through a constant gain the oscillatory phenomena that occurs in high frequencies.
The model representing the influence of the discharges on the water levels at the boundaries is given by:
where 0 and L are the abscissas for the initial and final ends of the reach;p i j (s), the IDZ model that links the i th water level and the j th discharge and follows the structure given in (1); y(0, s) and y(L, s), the upstream and downstream water levels, respectively; q(0, s) and q(L, s), the upstream and downstream discharges, respectively.
In order to compute α i j , A i j and τ i j (with i, j = 1, 2), it is necessary to know where the transition between the upstream uniform and downstream backwater flows occurs. The value of this abscissa is named x 1 and can be obtained as follows:
with y L [m] the downstream boundary condition, y n [m] the normal depth and s L (dimensionless) the deviation from bed slope of the line tangent to the water curve at the downstream end of the pool. The reader is referred to (Litrico and Fromion, 2004) for further details about the computation of these magnitudes.
According to (3), x 1 can either be 0, L or take an intermediate value between 0 and L. The reach is completely under backwater flow if x 1 = 0, completely under uniform flow if x 1 = L or present both kinds of flow if 0 < x 1 < L. In particular, the interval (0,x 1 ) is under uniform flow whereas the interval (x 1 , L) is under backwater flow. This is an important fact for the computation of the parameters α i j , A i j and τ i j , as they have to be computed for each kind of flow that is present in the reach. The same formulas are applied for the uniform and backwater parts but are evaluated according to the length of each of these parts. The partial uniform and backwater parameters are merged into the so-called equivalent parameters, which represent the whole pool. In the event that x 1 = 0 or x 1 = L, they will only have to be computed once, for the whole length of the reach.
Finally, the following consideration serves to introduce the problem that is studied in this work, which is no other than the presence of secondary inputs in a canal; in particular, the relative position of x 1 and the abscissa in which the inflow takes place (x in f low hereinafter). The two possibilities are depicted in Fig. 1 .
The same water profile is obtained for both cases as the upstream and downstream boundary conditions are the same. The difference, however, appears when the whole reach is regarded as the interconnection of two sub-reaches due to the presence of the inflow. Fig.  1(a) is composed of a first sub-reach which is only under uniform flow and a second sub-reach under uniform flow in the interval (x in f low , x 1 ) and backwater flow in the interval (x 1 , L). On the other hand, Fig.  1(b) shows that the first sub-reach is under uniform flow in the interval (0, x 1 ) and under backwater flow in the interval (x 1 , x in f low ) whereas the second subreach is only under backwater flow. The objective, therefore, is to compute the IDZ model as an interconnection of two sub-reaches divided by a secondary inflow within the ends of the reach.
MODELING A TWO SUB-REACH SYSTEM
In this section, the general formulation of interconnected sub-reaches (Litrico and Fromion, 2004 ) is given. It is then extended by considering different criteria regarding the use of the previous knowledge of the global dynamics. Two different interconnected models are proposed and discussed.
Formulation of the interconnected IDZ model
One possible approach to model the systems that were presented in Fig. 1 is to consider two different subreaches. This division of a reach into sub-reaches is always done when there is an hydraulic structure that physically divides the reach, but also under other circumstances, i.e. the presence of a secondary input or a change in the cross section of the the water stream. Moreover, since there is no such hydraulic structure, this situation is hereinafter referred to as simple interconnection. Fig. 2 (where big-sized markers at sections 0 and L denote the presence of an hydraulic structure) illustrates this situation. For the sake of convenience, 0, x in f low and L denote the initial, intermediate (where the inflow takes place) and final abscissas of the reach, respectively. From relation (2), and according to Fig. 2 , the following set of equations can be considered. SR 1 and SR 2 denote sub-reaches 1 and 2, respectively. Figure 2 : Water inflow flowing into a canal, leading to a simple interconnection structure.
This paper studies the particular case in which q(x in f low ) = 0, which can occur, for instance, when a lateral hydraulic device such as a controlled valve is closed and does not let the water flow into the main stream. The more general case q(x in f low ) = 0, i.e. when the controlled valve is open, will be addressed in the future.
For the case q(x in f low ) = 0, the final model that represents the interconnection is obtained by imposing the following conditions at the interconnection node (Litrico and Fromion, 2004) :
These two equations express the continuity conditions that hold true at the interconnection abscissa x in f low . In particular, Eq. (6a) ensures that no sudden change in the water depth occurs, whereas Eq. (6b) guarantees the flow consistency in the abscissa x in f low and is a direct consequence of q(x in f low ) = 0.
Therefore, the final model (2) that represents the two interconnected sub-reaches is given by:
wherep (G) i j represent the interconnecting transfer functions. Their expressions are:
Note: the Laplace variable s has been omitted for readability in allp (k) i j terms. In order to obtain the global model for the two sub-reach system, it seems it might be enough to compute a separate model for each sub-reach and then use (8a)-(8d) to obtain the interconnected model. The model obtained by means of this procedure is hereinafter referred to as a two sub-reach system with independent flow profiles.
However, as the two sub-reaches are not divided by any hydraulic structure, it does not seem correct to treat them independently. Instead, since q(x in f low ) = 0 in this paper, it is possible to obtain the value of x 1 for the whole canal and use this information when modeling each of the two sub-reaches. The model that is obtained by using this information about the global dynamics is hereinafter referred to as a two sub-reach system with consistent flow profile.
Two sub-reach systems with independent flow profiles
The first and simplest option is to compute the model for each sub-reach separately according to the procedure described in Section 2 and then interconnect them. However, since there is no hydraulic structure dividing the two sub-reaches, a consistent flow profile is not obtained, which does not seem logical. This is caused by the need to compute x 1 for each sub-reach, which will probably result in obtaining a different flow profile with a completely different dynamic response. This idea is depicted in Fig. 3 (a) and 4(a): a value of x 1 is computed for each sub-reach (blue dash-dot lines), which results in a completely different profile than the real one, shown in Fig. 1 .
Two sub-reach systems with consistent flow profiles
In this approach, the value of x 1 computed for the reach is used to build the interconnected two subreach system model afterward. The first sub-reach is forced to change from uniform to backwater flow in x 1 when x 1 < x in f low , whereas in the situation x 1 > x in f low the second sub-reach is forced from uniform to backwater flow in x 1 . This behavior is shown in Fig. 3 (b) and 4(b), which results in the same curves as those depicted in Fig. 1 . 
APPLICATION
The aim is to verify which of the two approaches presented in Section 3 leads to a better model, even if one has the intuition that taking into account the previous knowledge of the system to ensure the flow continuity should yield better results than treating them as two sub-reaches with independent flow profiles. In order to compare them, both models are computed for a real system and then compared with the results provided by SICˆ2 2 (Malaterre et al., 2014) , an hydraulic simulation software. Since it solves numerically the Saint-Venant equations without simplifications, the obtained results with this software will be used as the basis to compare the accuracy of both approaches.
The chosen two sub-reach system is the CuinchyFontinettes reach (CFr), which belongs to the inland navigation network in the north of France and is illustrated in Fig. 5 . This reach is bounded both upstream and downstream by the locks of Cuinchy and Fontinettes, respectively. The gate Port de Garde, which is located within both ends and placed outside of the CFr, can be used to regulate the amount of water that is sent to Aire. According to the current manage- ment strategy, this gate is generally closed, which is the reason why this value is considered to be equal to 0 in this work. The discharges in the locks of Cuinchy and Fontinettes are considered as the inputs of the IDZ model given by (2). On the other hand, they are modeled as discharge boundary conditions in SICˆ2. n r m B w q op L y x C-A 0.035 0 52 0.6 28700 2.44 A-F 0.035 0 52 0.6 13600 3.8 C-F 0.035 0 52 0.6 42300 3.8
Two real scenarios are considered: the first one presents the operation of the Cuinchy lock; the second one, the operation of the Fontinettes lock. Table  2 contains the details of these lock operations. A positive sign for the dispatched water volume means that the water volume is flowing into the system, whereas a negative sign means that it is leaving the system. The following fit coefficients are computed (between the reference and each of the proposed models) for a quantitative comparison of the accuracy of the results:
• Pearson product-moment correlation coefficient, which measures the linear dependance between two variables. It is defined in the following way:
with T the horizon for which the data have been acquired, Y o (t) the observed water depth at time t, Y m (t) the predicted water depth at time t and Y o and Y m the mean value of observed and modeled water depths, respectively. This coefficient is bounded between +1 (total positive linear correlation) and -1 (total negative linear correlation), and 0 means that there is no linear correlation.
• Nash-Sutcliffe model efficiency coefficient, which is used to assess the predictive power of hydrological models as follows (Nash and Sutcliffe, 1970) :
E can range from 1 to −∞, where 1 indicates a perfect match of modeled and observed values, 0 corresponds to the case in which the model predictions are as accurate as the mean of observed data and E < 0 means that the model predictions are less accurate than the mean of observed data.
• Maximum difference between the modeled and observed data as a measure of the magnitude of the maximum error. It is computed as:
The results for both scenarios are presented below. For each of them, the previous fit coefficients between the reference (SICˆ2) and the three different modeling approaches (model of the reach, two sub-reaches with independent and consistent flow profiles) are summarized in Tables 3 and 4 . In addition, the simulation results for Y C and Y F are presented for the four models. Each figure is zoomed in the area of interest; however, the same simulation time has been used for both scenarios.
Remark: the computation of the IDZ model for the reach results in x 1 = 5760 m, which indicates that the present case study falls under the situation described by Fig. 3 as x in f low = 28700 m. This means that the C-A reach is under both uniform and backwater flow (with flow transition at x = x 1 ) and that A-F is under backwater flow only. On the other hand, the obtained profile for the two-reach model with independent flow profile is only backwater for both of them: when the IDZ model is computed for each sub-reach, a value of x 1 = 0 is obtained for both sub-reaches, which means that they are both under backwater.
Scenario 1
Figures 6 and 7 and Table 3 summarize the results obtained for the Cuinchy lock operation. None of the three models is capable of representing the observed peak in Y C with satisfying accuracy, even if the equilibrium value is well fitted. Nevertheless, the consistent flow profile model, which is overlapped with the reach model, offers a better peak response than the two sub-reach model with independent flow profile.
Moreover, the two sub-reach model with independent flow profile clearly predicts a much worse response for Y F than the other two models, represented by the nonexistent predicted peak according to the reference. The appearance of this peak is physically justified by the fact that the computation of the flow profile for the two sub-reach system with independent flow yields backwater flow only. The systems that exhibit this kind of flow profile are more sensitive to resonance phenomena. An example of this behavior was obtained in a work with flat systems (Segovia et al., 2017) .
It is also worth noting that both the reach model and the consistent flow profile model predict a much faster response than it is actually observed, which causes the Nash-Sutcliffe indicators to be negative for Y F . Nevertheless, when the consistent flow model is considered, the maximum difference is lower and the dynamics are better reproduced, as shown by the computed correlation coefficients.
Scenario 2
In this case, Figures 8 and 9 and Table 4 summarize the results for the Fontinettes lock operation. For the upstream level Y C , the flat signal corresponds to the overlapping of the observed water depths and the predicted responses with the reach model and the consistent flow model. This fact is shown by the maximum difference indicator in Table 4, which prevents the computation of the NashSutcliffe indicators for these two models. The two sub-reach model with independent flow profile predicts a very different response from the observed data. Indeed, a peak is predicted in the response of the two sub-reach system with independent flow profile, whose justification is the same as given for Y F in Section 4.1. The Nash-Sutcliffe indicator takes an extremely large, negative value, showing the deviation between this model and the observed values. With regard to Y F , the predicted dynamics for the three models are similar, albeit the reach model and the consistent flow profile models offer a better prediction than the other model.
A conclusion for both scenarios is that an operation performed at one end of the system does not have a major impact at the other end, which is due to the large dimension of the system. Another factor that might play a role in this behavior is the fact that a bed slope equal to 10 −4 is considered, which results in different values for the upstream and downstream bottom elevation. For the second scenario, a large volume of water is dispatched outside the system, and the observed data show that the water level remains (almost) constant upstream. The final water level variation is due to the mass balance along the system.
Another conclusion that can be drawn for both scenarios is that the two sub-reach model with independent flow profile predicts significant peaks in Y F for the upstream action and in Y C for the downstream action results from considering two backwater flow dynamics. If a system has to be modeled as the interconnection of two sub-reaches, the best choice seems to consider the consistent flow profile model.
CONCLUSIONS AND FUTURE WORK

